INTRODUCTION
y-Glutamyltranspeptidase (y-GluTP) catalyses the transfer of the y-Glu group from gluthatione and related donor compounds to a variety of amino acids and short peptides, and is thought to play a key role in glutathione metabolism (Tate and Meister, 1985) . This enzyme is reported to catalyse three types ofreactions: transfer of the y-Glu group of the donor to an added acceptor such as amino acids or small peptides; transfer of the y-Glu group of the donor to water (hydrolysis), and transfer of the yGlu group of the donor to another donor molecule (autotransfer) (Allison, 1985; Tate and Meister, 1985) . The relative contribution of each of these reactions depends on many factors which are not completely understood. Inhibition studies strongly suggest formation of an acyl-enzyme intermediate in the y-GluTP catalysis. Phenylmethane sulphonyl fluoride, a reagent that inactivates serine-class proteases, inactivates y-GluTP (Inoue et al., 1978; Elce, 1980) . The glutamine analogues 6-diazo-5-oxo-norleucine and O-diazoacetyl-serine inactivate y-GluTP by attaching covalently and stoichiometrically to the y-glutamyl site (Tate and Meister, 1977) . Studies with 6-diazo-5-oxo-norleucine-labelled yGluTP indicate that the covalent attachment of this compound involves an ester bond to an enzyme hydroxyl group (presumably a serine or threonine residue) located in the y-glutamyl-binding subsite (Tate and Meister, 1978) .
Formation of similar acyl-enzyme intermediates is a very welldocumented feature of serine proteases Antonov et al., 1981; Fersht, 1985a,b) . Perhaps the most comprehensive study of the kinetic mechanism of the latter enzymes has been performed on a-chymotrypsin. In most serine in the y-glutamyltranspeptidase-catalysed acyl-transfer the pathway going through the ternary enzyme-donor-acceptor complex formed from the enzyme-acceptor complex becomes the main pathway of the transfer reaction even at moderate acceptor concentrations. As a result, y-glutamyltranspeptidase catalysis follows a sequential mechanism with random equilibrium addition of the substrates and ordered release of the products. The second distinction concerns the inhibitory effect of the acceptor. In the case of a-chymotrypsin this was the result oftrue inhibition, i.e. a dead-end formation of the enzyme-acceptor complex. A salt effect caused by the acceptor was the rationale of a similar effect observed in acyl-transfer catalysed by y-glutamyltranspeptidase.
proteases concomitant transfer and hydrolysis occurs with the acceptor reacting with the acyl-enzyme only (Bender et al., 1964; Berezin et al., 1973; Fersht et al., 1973; Kullmann, 1984; Petkov and Stoineva, 1984; Kasche, 1984, 1985; Jakubke, 1986, 1991; Bizzozero et al., 1988; Schellenberger et al., 1990 Gololobov et al., 1990 Gololobov et al., , 1992 Gololobov et al., , 1993 . Competitive inhibition of donor consumption by the acceptor, i.e. formation of the enzyme-acceptor complex, occurs only if amino acid ,-naphthylamides are the added acceptors (Gololobov et al., 1990) . Our initial experiments showed that y-GluTP-catalysed acyl-transfer could not be interpreted by the model which works for oc-chymotrypsin. In this context it was interesting to perform a detailed comparison of the kinetic mechanisms of the two enzymes, y-GluTP and a-chymotrypsin. Both contain an active-site serine and act according to the acyl-enzyme mechanism, but belong to different classes of enzymes. EXPERIMENTAL y-GluTP from bovine kidney (EC 2.3.2.2), y-L-Glu-p-nitroanilide (GlupNA), GlyGly and [3-(1,1 -dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulphonic acid (AMPSO) were obtained from Sigma (St. Louis, MO, U.S.A.). D-GlupNA was synthesized as previously described (King and Kidd, 1949; Orlowski and Meister, 1965) . Chromatography of the reaction mixtures formed in the course of the reactions was performed on the Whatman No. 1 paper (Fisher Scientific, Norcross, U.S.A.) according to the published method (Orlowski and Meister, 1965; London et al., 1976) . Concentration of GlupNA and D-GlupNA in the chromatography experiments was 5 mM, which was close to the solubility limits of both substrates. Experimental procedures for a-chymotrypsin-catalysed reactions and characteristics of the reagents have been previously described (Gololobov et al., 1990) . Kinetic measurements of the y-GluTP-catalysed reactions were performed using an SF. 17MV MicroVolume stopped-flow spectrophotometer (Applied Photophysics, Leatherhead, U.K.). Detection of the p-nitroanilide reaction product was performed at 410 nm using a molar absorption coefficient of 8800 M-1 cm-1 (Tate and Meister, 1985) . The use of a stopped-flow setup for the steady-state measurements allowed us to achieve virtually zero dead-time of the measurements and consumption of both the donor and acceptor being less than 1 %, i.e. strictly initial rate conditions were obeyed. The fulfillment of these conditions is extremely important since the rate of the y-GluTP-catalysed consumption of GlupNA decreased very rapidly after the mixing of the reagents. A complex product inhibition pattern of yGluTP from bovine kidney is the most probable rationale of this phenomenon. The rate measurements were made with donor concentrations ranging from 0.50 to 4.5 mM and the acceptor concentration from 0 to 250 mM at pH 9.0 and 25°C in 0. (Thompson and Meister, 1976) the autotransfer is absent when D-GlupNA is a donor. Therefore, yGluTP from bovine kidney catalyses the transfer of the donor group to water and the added acceptor but not to another donor molecule. 
Lack of hydrolysis at high acceptor concentration
In contrast with the reactions occurring in the absence of GlyGly, in the presence of 50 mM GlyGly glutamic acid was not detected in the reaction mixtures using paper chromatography. This means that at GlyGly concentrations higher than 50 mM the hydrolysis of the donor was completely suppressed. The initial concentration of BocMet-pnitrophenyl ester was equal to 13 mM (0), 38 mM (A), 57 mM (C1) and 87 mM (O). Error bars were omitted because the size of the symbols exceeded the magnitude of the standard errors.
Comparison of y-GluTP-and a-chymotrypsin-catalysed reactions
If the acceptor interacts with the acyl-enzyme intermediate only, as it does in most a-chymotrypsin-catalysed reactions, Vmax/Km for the donor consumption should not depend on the nucleophile concentration (Bender et al., 1964; Fersht, 1985a,b) . Therefore, if a-chymotrypsin and y-GluTP shared the same kinetic mechanism, lines in Figure 1 corresponding to the data obtained with and without GlyGly would be parallel. However, this was obviously not the case. The dependence of the initial rate of the donor consumption on the acceptor concentration provided more evidence in favour ofa significant difference between y-GluTP-and a-chymotrypsincatalysed acyl-transfer (Figures 2 and 3 ). Arginine-,f-naphthylamide was chosen as an acceptor in the a-chymotrypsin-catalysed reactions because amino acid-fi-naphthylamides are competitive inhibitors as well as nucleophiles in this case (Gololobov et al., 1990) . Glycyl-glycine has been reported to show a similar behaviour in reactions catalysed by y-GluTP from different sources (London et al., 1976; Stromme and Theodorsen, 1976; Huseby, 1977; Thompson and Meister, 1977; Shaw et al., 1978; PetitClerc et al., 1980; Bagrel et al., 1981) and the same effect of GlyGly was expected with respect to y-GluTP from bovine kidney. The results at high acceptor concentrations were in accordance with this prediction. Dependencies of vj/vO([NJ = 0) on the concentration of the acceptors had a maximum for both enzymes. This maximum was shifted up when the donor concentration was increased. However, at low acceptor concentration the x-chymotrypsin-and y-GluTP-catalysed reactions showed dramatic differences. In the oc-chymotrypsin-catalysed acyl-transfer the effect of the acceptor on v0/vo([N] = 0) was more evident at higher donor concentration. In contrast with that, in the y-GluTP-catalysed reactions the effect of the acceptor on v0/vo([N] = 0) was more pronounced at lower concentrations of the donor. In addition, y-GluTP showed an unusual dependence of the apparent Km for the donor on the acceptor concentration. In ax-chymotrypsin-catalysed reactions the apparent Km for the donor increases with the acceptor concentration Gololobov et al., 1990) , while in y-GluTPcatalysed reactions the apparent Km for the donor decreased at low concentrations of GlyGly, attained a minimum and increased at high concentrations of the acceptor (Figure 4a ). When analysing the dependence of the reaction rate or MichaelisMenten parameters on the concentration of GlyGly, the concentration of GlyGly was high enough to alter the ionic strength, which could influence the kinetic parameters. Because of that, Figure 4 presents both experimental and corrected (for salt effect) dependencies of the Michaelis-Menten parameters on the concentration of GlyGly. The correction was made according to the data shown in Figure 5 . [NaCI] (mM) Figure 5 Effect of the NaCI concentration on the Initial rate of y-GluTPcatalysed hydrolysis
The rate without NaCI was recognized as the unit rate. The conditions were pH 9.0, 25 OC, 0.1 M AMPS0. The lines were drawn using the least-squares method according to the polynomial ot the 4th degree just to guide the eye and represent no models. The initial GlupNA concentration was equal to 0.5 mM (0), 2.5 mM (O) and 4.5 mM (11). This behaviour usually suggests substrate inhibition by the variable substrate. However, GlyGly has a charged carboxyl group at pH 9.0 and therefore can affect the reaction rate via a salt effect. Figure 5 shows that the ionic strength of the solution did affect the rate of the y-GluTP-catalysed reactions. After correction for this salt effect the experimental dependence showed no evidence of substrate inhibition (Figure 7 ). The kinetic model should therefore account for non-Michaelis behaviour with respect to the acceptor concentration over the whole concentration range of the latter and should explain why at higher acceptor concentrations the dependence of the initial rate on the acceptor concentration can still be described by the Michaelis-Menten equation (after correction of the data for the salt effect). Here E represents the enzyme, S denotes the acyl-group donor, N represents the acyl-group acceptor (the nucleophile), P is the product of the transfer of the acyl-group to the acceptor, P1 and P2 are the hydrolytic products, ES and EN are the complexes of the enzyme with S and N respectively, ESN is the enzyme-donor-acceptor complex, EA stands for the acyl-enzyme and EAN denotes the acyl-enzyme-acceptor complex. The kinetic constants are indicated for the appropriate reactions in the scheme.
DISCUSSION

P1
Scheme 2 (Rate constants k+2k'+2, k+3 and k+4 are dimensionless because only their ratio could be evaluated from the experimental data. Because of that k+3 was recognized as the unit constant and all other constants were ranked with respect to k+3.)
When trying to interpret our results by a kinetic model, we have to bear in mind that the possible model should include formation of the acyl-enzyme as well as the enzyme-substrate complex (Fersht, 1985a,b) . In general, both intermediates, as well as the free enzyme, can bind the acceptor. In this way we come to the model shown in Scheme 1.
A similar model has previously been used (Gololobov et al., 1990 (Gololobov et al., , 1992 (Gololobov et al., , 1993 to analyse protease-catalysed acyl-transfer. In those works the possibility of the hydrolysis of the EAN complex was assumed. The pathway was proven to occur in some reactions Kasche, 1984, 1985; Schellenberger and Jakubke, 1986; Gololobov et al., 1990 Gololobov et al., , 1992 Gololobov et al., , 1993 . In practice, the hydrolysis of the EAN complex should result in substantial formation of hydrolytic product even at an 'infinite' acceptor concentration. In y-GluTP catalysis the formation of the hydrolytic product did not occur provided the GlyGly concentration was 50 mM or higher. Therefore, hydrolysis of the EAN complex did not occur. One should also bear in mind that the models with and without the hydrolysis of the EAN complex cannot be discriminated if only the donor consumption is measured. It can be shown that if hydrolysis of the EAN complex occurred, constant k+4 in all equations below should be replaced with a sum of two constants: k+4 and k+5 (Gololobov et al., 1990) 
[In previous publications (Gololobov et al., 1990 (Gololobov et al., , 1993 
Eqn. (6) contains only two unknown parameters [K, and kl2/(k2K9)] and follows from Scheme 1 without any assumptions. Therefore, the estimates of k'+2/(k+2Ki') obtained from eqn. (6) should be reliable. The following values were obtained ( Figure   4b ): k' 2/(k2K9) = 1.73 +0.09 mM-1 and K1 = 2.8 +0.2 mM.
Using these values we could analyse the most unusual dependence, i.e. the dependence of the apparent Km on the acceptor concentration. A non-linear weighted regression analysis of the latter dependence (Figure 4a) The values of the parameters given above allowed us to calculate all constants denoted in Scheme 1 and perform a complete kinetic description of y-GluTP catalysis (Scheme 2).
Inspection of Scheme 2 revealed several important features of y-GluTP catalysis. These include the following: (i) a significant kinetic role of the ESN complex which forms mainly via the EN complex; (ii) free enzyme binds the acceptor much better than the acyl-enzyme; (iii) binding of the donor is very weak and a low value of the Michaelis constant in the absence of the added acceptor is entirely the result of a high value of the acylation constant when compared with the deacylation one; (iv) binding of the donor promotes binding of the acceptor and vice versa; (v) bound acceptor hampers acylation of the enzyme with the bound donor but deacylation of the acyl-enzyme with the bound nucleophile proceeds more than one order of magnitude faster than deacylation of the acyl-enzyme with water. A significant kinetic role of the EAN complex is the most distinctive feature of y-GluTP catalysis. a-Chymotrypsin-catalysed acyl-transfer and, in general, acyl-transfer reactions catalysed by serine proteases proceed without formation of the ESN complex (Scheme 3). P1 p Scheme 3 Scheme 3 was made using the results of this work and the previously referred studies of a-chymotrypsin, as well as previous studies of trypsin, carboxypeptidases Y and W and alkaline mesentericopeptidase (Seydoux et al., 1969; Riechman and Kasche, 1984, 1985; Shima et al., 1987; Bratovanova et al., 1988; Christensen et al., 1992) .
The lack of the ESN complex in the a-chymotrypsin catalysis is a rationale for the very peculiar difference between de- The analysis of the relative contribution of different reaction pathways showed that the acceptor affected not only the rate of the y-GluTP reactions but, in fact, the reaction mechanism. If we denote the rate of the formation of the product P1 from the ES complex as v1 and that from the ESN complex as v', the ratio v,/(v, + v') reflects the relative contribution of the first pathway.
Since v1 = k 2[ES], v' = k'2[ESN] and [ESN] = [ES][N]O/k' the following equation is valid:
V1 =~~~Ĩ 1+ k+2 [N] k+2Ki'0 The combination of k+4/(k+3K0) equals 0.15 + 0.01 mM-1. Therefore, if [N] . > 30-50 mM the relative contribution of the ES EA+P1 and EA--E+P2 pathways is small and a Ping-Pong mechanism turns into a sequential mechanism with random addition of the substrates and ordered release of the products (Scheme 4). Presentation of the experimental data in double-reciprocal coordinates often yields a set of parallel lines (Tate and Meister, 1974; Elce and Broxmeyer, 1976; Karkowski et al., 1976; Stromme and Theodorsen, 1976; Huseby, 1977; Shaw et al., 1977 Shaw et al., , 1978 . This parallelism is generally interpreted as being due to a Ping-Pong mechanism of y-GluTP catalysis which is correct for the usual two-substrate-two-product Ping-Pong mechanism (Fromm, 1975) . However, in addition to the transfer to the added acceptor, y-GluTP catalyses acyl-group transfer to water. Therefore, the Ping-Pong mechanism has to be modified by a hydrolytic shunt. Transfer and hydrolysis, when occurring simultaneously, Thompson and Meister, 1977; PetitClerc et al., 1980; Schiele et al., 1981; Solberg et al., 1981) .
The kinetic model of the y-GluTP catalysis suggested in this work can explain these discrepancies. Figure 4( (Figures 2 and 3) . The model proposed in this work to interpret the y-GluTP kinetics cannot explain such a dependence. In contrast, Scheme 3 predicts this phenomenon and interprets it as being due to the dead-end formation of the enzyme-acceptor complex. Many previous papers report evidence in favour of the substrate inhibition (Rosalki and Tarlow, 1974; Stromme and Theodorsen, 1976; London et al., 1976; Huseby, 1977; Thompson and Meister, 1977; Shaw et al., 1978; PetitClerc et al., 1980; Bagrel et al., 1981; Schiele et al., 1981; Solberg et al., 1981) which they interpret in terms of Scheme 3.
The competitive inhibition constant (K,) was reported to exceed 150 mM for y-GluTP from rat kidney (Thompson and Meister, 1977) . For enzymes from other sources, the inhibitory effect of GlyGly also becomes evident at GlyGly concentrations exceeding 0.1 M. Similar results were obtained in this work. Our interpretation of this phenomenon, however, differs from that of previous studies in that we take into account that GlyGly has an ionized a-carboxyl termini. In other words, GlyGly is a salt which can affect the reaction as any other salt, e.g. NaCl ( Figure  5 ). Figure 7 shows the comparison of the direct experimental data with the same data corrected for salt effect. This comparison showed that the inhibitory effect of the acceptor could be attributed (at least for reactions catalysed by y-GluTP from bovine kidney) to the salt effect of this compound. As for the inhibitory effect of GlupNA, published results are often controversial. According to previous studies, the concentration of GlupNA should be at least 3.5 mM to observe this effect. However, there are many papers where an inhibitory effect of GlupNA was not mentioned. In this study we could not find any evidence of inhibition by the donor at GlupNA concentrations up to the solubility limit of 5 mM (Figure 1 ). The apparent discrepancy between our and certain literature data with this respect is probably the result of the dependence of the effect on the source of the enzyme and the fact that very high concentrations of the donor are necessary to observe this inhibition.
In addition it should be noted that in all previous studies the occurrence of 
Conclusions
This study presents kinetic evidence in favour ofmajor differences between the kinetic mechanisms of y-GluTP and serine proteases in spite of the fact that all of these enzymes contain an active-site serine and act with the formation ofan acyl-enzyme intermediate. The main difference between reactions catalysed by these enzymes consists in the role of the enzyme-donor-acceptor complex. This complex is not formed in the serine-protease catalysis. In contrast, the main reaction pathway of y-GluTP-catalysed reactions includes this complex.
